The effect of Gd/Al ratio on the properties of as-cast Mg-Gd-Al-Zn alloys was investigated by changing the chemical composition from that of AZ61 to GZ61. At the ratio of 1, the Al 2 Gd phase becomes predominant and Mg 17 Al 12 is hardly seen in the microstructure. As a potent inoculant, the Al 2 Gd phase resulted in intense grain refinement and enhancement of strength, ductility and toughness. For instance, the tensile strength and elongation to failure of Mg-3Gd-3Al-1Zn alloy were enhanced by~4% and 180% compared with those of AZ61 alloy, respectively. However, at high Gd/Al ratios, the Al 2 Gd phase was replaced by (Mg,Al) 3 Gd and Mg 5 Gd phases and very large grain sizes were achieved, which led to poor tensile properties and the appearance of cleavage facets on the fracture surfaces. Therefore, it can be deduced that the presence of Gd and Al, in appropriate amounts to reach Gd/Al ratio of~1, is required for the achievement of grain refinement, good ductility, high strength, and the appearance of ductile fracture surfaces in the Mg-Gd-Al-Zn system. Conclusively, the Mg-Gd-Al-Zn alloys can be considered as a new class of structural magnesium alloy and it is superior to both AZ (Mg-Al-Zn) and GZ (Mg-Gd-Zn) series of alloys.
Introduction
Thanks to their low density, good castability, high specific strength, good noise damping capacity, and perfect machinability, magnesium alloys have received considerable attention in the recent years [1, 2] . Besides usual alloying elements, the addition of rare earth (RE) elements such as Y, Nd, Sm, Ce, and particularly Gd can remarkably improve both strength and high-temperature creep resistance of Mg alloys [3] [4] [5] [6] [7] [8] . Rokhlin et al. discovered that Gd had greater solid solubility limit in magnesium and larger impacts on strength improvement, compared with other rare earth elements such as Y and Nd [9] . Moreover, the Mg-Gd system shows remarkable age hardening response and very good thermal stability of the main strengthening phase at elevated temperatures [10] [11] [12] [13] .
It is well known that one of the beneficial methods to improve the strength and formability of some Mg alloys is grain refinement [14] . Several alloying elements such as Zn [15] , Zr [16] , Sc and Mn [17] were added to Mg-Gd alloys to obtain refined structures.
Recently, it has been experimentally shown and also verified based on orientation relationships that Mg-Gd and Mg-Gd-Y alloys can be remarkably grain refined by adding Al, which was attributed to the formation of Al 2 Y and Al 2 Gd particles [18, 19] . Moreover, the high solid solution strengthening effect of Al [20, 21] and reduction of production cost by replacing Zr with Al [19] are other beneficial effects. Dai et al. have shown that the grain size of Mg-10Gd alloy can be remarkably refined by the addition of 0.8-1.3% Al, but its effects on mechanical properties have not been mentioned [18] . Wang et al. reported that adding Gd into Mg-2Al-1Zn alloy can lead to the formation of (Mg,Al) 3 Gd and Al 2 Gd phases followed by the enhancement of tensile properties at both room and elevated temperatures [22] .
Therefore, it seems that the Mg-Gd-Al-Zn system is a good candidate for developing high-performance magnesium alloys. As a result, a systematic investigation is required to shed light on the improvement of mechanical properties, microstructure, and identifying constituent phases and solidification characteristics in this system. The present work aims to clarify the effects of the interaction of Al and Gd elements on the microstructure, solidification characteristics and mechanical properties of Mg-Gd-Al-Zn alloys by systematic changing of Gd/Al weight ratio.
Experimental details

Materials and processing
Mg-50 wt% Al, Mg-50 wt% Zn and Mg-10 wt% Gd master alloys were used as raw materials. The melting practice was carried out rapidly in a graphite-ceramic crucible using an induction furnace and the melt was protected by (pure Ar+3%SF 6 ) cover gas. After melting pure Mg, Mg-50 wt% Zn master alloy was added to the molten Mg at 1043 K (770°C). Then, the desired amounts of Mg-10 wt% Gd and Mg-50 wt % Al master alloys were added to the molten alloy at 1053 K (780°C) to provide different Gd/Al ratios (See Table 1 ). Finally, the molten alloy was cast into a preheated mold to prepare cylindrical samples (Fig. 1) . Continuous cooling curves from the pouring temperature were also plotted by inserting a thermocouple (K type) in the middle of the mold attached to a data acquisition system (with the ability of 20 readings per second).
As can be seen in Table 1 , the alloy design was based on the interaction effect of Al and Gd and increasing the Gd/Al ratio was achieved by increasing the amount of Gd and decreasing the amount of Al such that the total weight percent of Gd and Al remains constant (Gd +Al=6). Therefore, it is possible to investigate the effects of substitution of Al by Gd in the commercially important AZ series of alloys (Mg-AlZn), which may shed light on the development of a new series of alloys with better mechanical properties.
Characterization
The specimens were ground and polished according to the standard metallographic procedure and etched by Nital solution (5% HNO 3 and 95% alcohol solution) to reveal the microstructures by an optical microscope and a Vega Tescan scanning electron microscope equipped with energy-dispersive spectroscopy (EDS). The average grain size of the cast specimens was calculated according to the lineal intercept method (ASTM E112 standard). Phase identification was also performed by X-ray diffraction (XRD) technique using a PHILIPS diffractometer with Cu-kα radiation. The tensile specimen was prepared according to ASTM-E8 standard (Fig. 1b) . Tensile testing was carried out at room temperature by a computerized testing machine at the initial strain rate of 10 −4 s −1 (constant cross-head speed of 0.1 mm/ min). The elongation to failure values were determined from the fractured pieces of the tensile specimens. Finally, the fracture surfaces of tensile test specimens were also examined with the same scanning electron microscope. 
Results
Macrostructures
Typical macrostructures of Mg-Gd-Al-Zn magnesium alloys in the as-cast condition are shown in Fig. 2 . It can be deduced that the increase of the Gd/Al ratio leads to a perceptible coarsening of the grain size. This is consistent with the recent findings in Al containing magnesium alloys, which show intensive grain refinement abilities in comparison with similar alloy refined with rare earth elements [18, 19] . It should be noted that the macrostructure of the AZ61 alloy was not revealed by any method. From Fig. 2 , it is also apparent that by the addition of Al (decreasing Gd/Al ratio), the propensity of columnar grains declines and at Gd/Al ratio of 2, the structure is mainly constructed by fine equiaxed grains. Conclusively, the optimum amount of Gd/Al ratio can be estimated as 1, where the grain size of the as-cast structure experiences a minimum. This point will be revisited later.
As-cast microstructures and phase identification
Figs. 3 and 4 demonstrates the microstructures and XRD patterns of samples with different Gd/Al ratios, respectively. As shown in Fig. 3a , the microstructure of Mg-6%Zn-1%Al (AZ61) alloy is composed of α-Mg matrix and a second darker phase (point A). The XRD pattern of Fig. 4 reveals that this phase is Mg 17 Al 12 , which is consistent with previous reports on AZ alloys [22] . However, Fig. 3b and Fig. 4 show that when the ratio of Gd/Al reaches to 0.5, a new intermetallic compound appears (point B), which is identified as Al 2 Gd phase. The presence of Al 2 Gd phase in this alloy can also be verified based on a vertical section taken from the Al-Gd-Mg system [23] as shown in Fig. 5 . Therefore, it seems that the addition of Gd significantly affects the chemistry of the intermetallic phases and the Al 2 Gd phase is formed at the expense of Mg 17 Al 12 phase. This can be ascribed to the greater electronegativity difference between Gd and Al compared with Mg and Al [24] , which leads to a higher binding force between elements. In this regard, the electronegativity of Mg, Gd, and Al has been reported to be 1.31, 1.20, and 1.61, respectively [24] , and hence, the electronegativity difference between Al and Gd (0.41) is larger than that of Al and Mg (0.30). Therefore, it is expected that Al reacts with Gd to form Gd-rich intermetallics during the solidification of the alloy [24] .
As shown in Fig. 3c , it is clear that when the amount of Gd element increases (Gd/Al becomes 1), a branched phase with a lamellar morphology is formed (point C). The XRD pattern of Mg-4.8%Gd-1.2%Al-1%Zn alloy in Fig. 4 confirms the presence of (Mg,Al) 3 Gd intermetallic compound. The presence of (Mg,Al) 3 Gd phase was also confirmed by Wang et al. [22] for different alloys in the Mg-Gd-Al-Zn system, which showed the presence of this Mg 3 Gd-type compound using the TEM analysis.
Moreover, when the ratio of Gd/Al is about 2, although the volume fraction and size of Al 2 Gd phase are reduced ( Fig. 3d and Fig. 6 ), the size and volume fraction of (Mg,Al) 3 Gd compound are increased. According to Fig. 3e and Fig. 4 , with further increase in the amount of Gd, the Al 2 Gd phase is hardly seen in the microstructure, but the (Mg,Al) 3 Gd compound is still present. Finally, the microstructure of Fig. 3f shows the typical structure of Mg-6%Gd-1%Zn (GZ61) alloy, revealing that the as-cast microstructure contains another phase, as shown by point D in Fig. 3f . Previous researchers have reported this phase as Mg 5 Gd [25, 26] . The presence of Mg 5 Gd phase is subsequently verified by XRD patterns, as shown in Fig. 4 . Table 2 also shows the summary of different intermetallics that can be formed in the Mg alloy when the ratio of Gd/Al is changed. Finally, based on EDS analysis of Fig. 7 , the presence of Al and Gd in the particle denoted by B and the presence of Mg in lower amounts compared with the matrix in the needle-shaped particle denoted by C can be confirmed based on elemental analysis.
Tensile properties
Fig. 8a depicts the obtained stress-strain curves for Mg-Gd-Al-Zn alloys. The ultimate tensile strength (UTS) and elongation to failure values are plotted in Fig. 8b as a function of Gd/Al ratio to summarize the results. It can be seen that the AZ61 (Mg-6%Al-1%Zn) alloy shows high strength but poor ductility. With increasing the Gd/Al ratio to 0.5 and 1, a remarkable increase in ductility while maintaining the strength is evident. Further increase in this ratio results in a reduction in both strength and ductility. Finally, the Al-free alloy, which is known as GZ61 (Mg-6%Gd-1%Zn) alloy, shows the worst tensile properties.
The tensile strength as well as elongation-to-failure and tensile toughness values of the specimens are summarized in Table 3 . Note that the toughness can be defined as the ability of a material to absorb energy and plastically deform without fracturing and it can be simply evaluated from tensile tests based on the equation of the form U T ≈ s u e f , where s u is the ultimate tensile strength and e f is the engineering strain at fracture [27] . From Table 3 , it is clear that when the ratio of Gd/Al reaches to 1, the tensile toughness of the alloy experiences a maximum. The change in the orientation of grains can effectively suppress the propagation of cracks. Therefore, alloys with fine grains will exhibit high toughnesses [28] . Consequently, it is necessary to control the Gd/Al ratio within certain limits to obtain required tensile properties: In the present work, this optimum ratio is~1. These results can be directly related to the microstructural features as will be elaborated in the discussion section.
Discussion
Grain refinement
The results of Fig. 3 can also be used to explain the difference in grain sizes of the alloys, which was previously discussed based on Fig. 2 . The mechanisms of grain refinement in rare earth containing Mg alloys by adding Zr, Ca and Al elements have been discussed by several researchers [18, 19, 29, 30] . The general ideas developed to understand such refinement can be applied to the present system. Essentially, Al can react with other existing elements in the melt to form intermetallic particles, which can act as inoculants for α-Mg phase during solidification. Owing to the rather high melting point of Al-Gd containing intermetallic compounds,~1798 K (1525°C) [23] , and also the similarity between lattice constants of Al-Gd intermetallic and α-Mg primary phase, it is highly expected that such intermetallic acts as an appropriate heterogeneous nucleating site for α-Mg primary phase [16] . Some reports have shown that Al 2 Gd intermetallic can be formed in the molten alloy, which may act as a heterogeneous nucleating site for α-Mg primary phase. Dai et al. [16] have shown that one orientation relationship (OR) was reproducibly observed between Al 2 Gd and α-Mg. However, no ORs were observed between either (Mg,Al) 3 Gd or Mg 5 Gd and a-Mg [18, 19, 31] . Therefore, this can explain the remarkable grain refinement in Gd/Al ratios of 0.5, 1, and 2, which contains appreciable amounts of Al 2 Gd phase. Fig. 9 shows the continuous cooling curves for different alloys. It can be seen that the liquidus temperatures of all Gd-containing alloys are nearly the same and they are slightly higher than that of AZ61 alloy. The liquidus temperatures coincide with the formation of α-Mg primary phase for all alloys. The solidus temperature of the AZ61 alloy coincides with the formation of non-equilibrium eutectic phase (α-Mg +Mg 17 Al 12 ). However, the solidus temperatures of Gd-containing alloys are much higher than that of AZ61 alloy, which can be related to the disappearance of Mg 17 Al 12 in the microstructure. These results are in complete agreement with the phase diagrams of Mg-Al and Mg-Gd (shown in Fig. 9 ), which also show that the mushy zone range of the AZ61 alloy is much larger than that of GZ61 alloy.
Based on Fig. 9 , the liquidus and solidus temperatures of Gdcontaining alloys are nearly the same. Since the pouring conditions (superheat) of all alloys are the same, all alloys feel similar thermal undercooling. Therefore, the observed difference in grain size between these alloys can only be related to the presence and amount of Al 2 Gd phase in the melt that acts as a grain refining agent.
The continuous cooling curves can be used to elucidate phase transformations during cooling [32, 33] . The first derivatives of these curves for three distinct cases are shown in Fig. 10 . The distinct peaks in the derivative curves show the reactions experienced by the solidifying alloys. From Fig. 10a , two well-defined peaks at 889 K (616°C) and 726 K (453°C) were observed, which correspond to the α-Mg and eutectic phase formation, respectively. These temperatures are in a good agreement with those determined from the Mg-Al phase diagram shown in Fig. 9 . In Gd/Al ratio 1, the cooling curve of Fig. 10b shows two peaks at 948 K (675°C) and 910 K (637°C), which can be related to Al 2 Gd and α-Mg formation, respectively. The solidus of the alloy can be estimated as 835 K (562°C) based on Fig. 10b . Therefore, the Al 2 Gd phase has been formed before solidification of the alloy and can act as a nucleation agent. This is consistent with the previous reports [18, 19] . The use of continuous cooling curves and observing an exothermic peak before α-Mg formation has also been verified by Chang et al. [34] for Al 2 Y intermetallic in Mg-Al-Y alloy and it was related to the observed magnificent grain refinement. Finally, in Fig. 10c there is no sign of this peak for GZ61 alloy, which provides another evidence for the importance of Al 2 Gd intermetallic for grain refinement of this alloy system. These findings are consistent with the microstructural observations reported in Fig. 3. 
Mechanical properties
The major enhancement in tensile properties is related to the Mg3%Gd-3%Al-1%Zn alloy (with Gd/Al ratio of 1) owing to the effective presence of small and fine Al 2 Gd intermetallic in the microstructure. Although aluminum is one of the best-known solid-solution strengtheners for magnesium [21] , it is clear that the microstructural modification and reduction in the grain size by Al 2 Gd particles have a major effect on tensile properties of the alloy.
The reduction in tensile properties at Gd/Al ratios of > 1 can be related to the formation of new intermetallic phase ((Mg,Al) 3 Gd) with branched shape morphology (as shown in Fig. 3 ) and increase in the grain size of the alloys. Such coarse branched phases contain rather long needles, which may introduce high stress concentration sites. Such levels of needle-shaped intermetallics provide appropriate locations for crack nucleation and its propagation. These cracks can nucleate easily and propagate along the interface between the (Mg,Al) 3 Gd phase and the α-Mg matrix. Thus, the formation of (Mg,Al) 3 Gd phase along with the coarsening of the microstructure may lead to the poor mechanical properties of the cast alloys.
The tensile results can also be related to the observed fracture surfaces. Fig. 11 exhibits the fractured surfaces of the as-cast Mg alloys with 0, 1, 4 Gd/Al ratios and also for GZ61 alloy. As depicted in Fig. 11a , although some cleavage facets can be seen on the fracture surfaces of AZ61 alloy, the ductile feature mechanism characterized by dimples governs the failure mode of this alloy.
As shown in Fig. 11b , when the ratio reaches to 1, more dimples are seen on the fracture surface. Additionally, the dimples are deep and dispersed uniformly, which results in the ductility enhancement. In addition, the fractured Al 2 Gd particles can be found on the surface, which reveals that the substitution of Mg 17 Al 12 with round Al 2 Gd particles can be beneficial. However, in the case of Gd/Al ratio of 4 (Fig. 11c) , the amount of fine dimples reduces due to the formation of (Mg,Al) 3 Gd intermetallic with branched like morphology, which plays an important role in changing the fracture behavior of the alloy from ductile to brittle. The aggregation of these brittle intermetallic compounds can provide potential sites for stress concentration resulting in a significant deterioration of elongation, as shown in Fig. 11c . Finally, it is obvious that by further increasing Gd/Al ratio to reach GZ61 alloy, fine dimples disappeared whereas the overall amount of cleavage facets increased (Fig. 11d) . Hence, it seems that the fracture mechanism related to Mg-6Gd-1Zn alloy at room temperature is predominantly brittle. It is reasonable to conclude that both Gd and Al elements are required for the appearance of ductile fracture surfaces and good ductility in the Mg-Gd-Al-Zn alloy system while maintaining the high strength level.
Conclusions
The effect of Gd/Al ratio on the microstructure, phase formation, tensile properties, and fracture surface appearance of as-cast Mg-GdAl-Zn magnesium alloys have been investigated by changing the chemical composition from that of AZ61 to that of GZ61. The following conclusion can be drawn from this study:
(1) The different Gd/Al ratios can significantly change the type and amount of intermetallic phases. At the ratio of 1, the Al 2 Gd phase becomes predominant and Mg 17 Al 12 is hardly seen in the microstructure. As a potent inoculant, the Al 2 Gd phase results in intense grain refinement. However, at high Gd/Al ratios, the Al 2 Gd phase is replaced by (Mg,Al) 3 Gd and Mg 5 Gd phases and very large grain sizes are achieved. The observed grain refinements are discussed based on continuous cooling curves of the alloys during solidification. (2) The Mg-3Gd-3Al-1Zn alloy shows the best combination of mechanical properties. The tensile strength and elongation to failure of this alloy are enhanced by~4% and 180% compared with those of AZ61 alloy, respectively. Moreover, its tensile strength and elongation to failure are enhanced by~57% and 250% compared with those of GZ61 alloy, respectively. This shows that the Mg3Gd-3Al-1Zn alloy is superior to both of these commercial alloys. The fracture appearance also confirms these results. The mechanical properties are discussed based on the grain size and the type and morphology of intermetallic compounds.
